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Abstract.-I studied the causes ofvariation and selection on clutch size in a population ofDarwin's
Medium Ground Finches (Geospizafortis) on Isla Daphne Major, using data collected over a nine-
year period (1976-1984). Quantitative-genetic analyses were carried out using the first clutch laid
by a female in a given year. I used both unadjusted clutch-size values and values adjusted for
between-year differences in mean clutch size for repeatability and regression analyses. Repeatability
ofclutch size was small (:oS 8%) and nonsignificant in all cases. Sib-sib analyses and parent-offspring
regressions gave no evidence of a significant additive genetic component to clutch-size variation.
Slopes of mother-daughter regressions were actually negative, suggesting possible maternal effects
of mother's clutch size on daughter's clutch size. There was a small positive relationship between
female age and clutch size but no effect of male or female body size or oflarge-scale differences in
habitat quality on clutch size. Selection on clutch size was generally directional and positive: in
almost all years in which successful breeding occurred, large clutches tended to fledge more chicks
and produce more young surviving to the following year, possibly because there was no trade-off
between clutch size and the weights of individual chicks at fledging. Thus, sustained directional
selection for large clutch size may have reduced additive genetic variation in clutch size to low
levels in this population. The size ofa female's clutch may be primarily determined by unidentified
proximate environmental factors which vary from year to year, rather than by any long-term
optimization of clutch size with respect to adult survival.
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Studies ofclutch size in birds have played
an important role in the development of
life-history theory in vertebrates (Lack,
1947,1954, 1966; Steams, 1976). Most work
has attempted to explain differences in clutch
size between species or among populations
ofthe same species (Lack, 1966; Cody, 1971;
Ricklefs, 1977; Winkler, 1985). Clutch size
also varies between individuals within pop-
ulations in a wide variety of species (Lack,
1966; Klomp, 1970; Murphy and Haukioja,
1986; Nur, 1986). Attempts to understand
the causes of this variation are important,
because they address the fundamental ques-
tion of how variation in life-history traits
evolved and is maintained.
Nur (1986) argued that there are three
nonexclusive hypotheses to explain the
maintenance ofsuch variation. These are 1)
individual optimization, whereby birds ad-
just their clutch size according to their abil-
ity to raise young, 2) trade-off of clutch size
and future adult survival, such that the
overall fitness of different clutch sizes is
, Present address: Department of Biology, Queen's
University, Kingston, ON K7L 3N6, Canada.
equal, and 3) oscillating directional selec-
tion, in which clutches of different sizes are
favored in different years in a variable en-
vironment.
Recent work to evaluate these hypotheses
has been largely experimental (cf. DeSteven,
1980; Hogstedt, 1980; Nur, 1984a, 1984b;
Boyce and Perrins, 1987; but see Murphy
[1986]). Long-term studies of unmanipu-
lated bird populations can, however, pro-
vide important information in at least two
ways. First, oscillating directional selection
on clutch size can only be detected through
long-term observations of natural popula-
tions of birds under a variety of environ-
mental conditions (van Noordwijk et aI.,
1981; Boyce and Perrins, 1987). Second,
both the trade-off and oscillating-selection
hypotheses require the presence of genetic
variation for clutch size. Long-term obser-
vations on marked individuals are required
to collect the cross-generational data nec-
essary to estimate the heritability of clutch
size with standard quantitative-genetic
techniques (Falconer, 1981). Demonstrat-
ing that clutch size is not heritable would
exclude oscillating selection and negative
genetic correlations between clutch size and
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TABLE l. Annual reproductive characteristics of G. to the causes of interindividual variation
fortis on Isla Daphne Major. within and between years. Here, I consider
Rainfall Mean clutch % eggs % young
whether clutch size is heritable in G. fortis
Year (mm) Nests size ± SE fledged surviving and then examine selection acting on clutch
1976 135 190 3.16 ± 0.05 66.5 11.7 size in different years over a nine-year pe-
1977 24 a riod (1976-1984) using unusually complete
1978 137 80 4.24 ± 0.08 67.2 65.0 measures of reproductive success (young
1979 69 89 3.02 ± 0.08 27.8 37.3 fledged and surviving to the year following
1980 54 96 2.92 ± 0.07 6.0 0.0 their birth). I then consider the importance1981 80 102 3.75 ± 0.07 67.4 62.9
1982 51 39 2.85 ± 0.11 11.7 0.0 of other proximate causes of variation in
1983 1,359 406 4.11 ± 0.04 46.7 45.2 clutch size in an attempt to develop a broad-
1984 89 192 3.20 ± 0.05 64.1 42.5 er understanding of the causes of variation
in this life-history trait.
adult survival as explanations for clutch-
size variation and would suggest that indi-
vidual optimization and proximate envi-
ronmental factors are more important.
Variation in clutch size has been shown
to be heritable in all wild bird species stud-
ied, with h2 values ranging from 0.23 to 0.50
(Perrins and Jones, 1974; Flux and Flux,
1981; van Noordwijk et aI., 1981; Gustafs-
son, 1986; Findlay and Cooke, 1987). This
has led some authors to base general expla-
nations of clutch-size variation in birds on
the assumption that such variation is largely
genetic (Nur, 1986). Yet only four species
have been studied, and there are theoretical
reasons why, under certain conditions, a trait
that is closely related to fitness (such as clutch
size) should be under sustained directional
selection and, hence, have a heritability close
to zero (Falconer, 1981). In support of this
argument, studies oflitter size in mice have
shown little additive genetic variance for
this trait (Leamy, 1981). Thus, information
from more bird species on both the herita-
bility and pattern of selection on clutch size
are needed to develop general explanations
for variation in this life-history trait.
The purpose of this paper is to examine
the causes of individual variation in clutch
size in a population of Darwin's Medium
Ground Finches (Geospiza fortis) on Isla
Daphne Major, Galapagos. This work is the
first detailed examination of clutch-size
variation in a tropical passerine species liv-
ing in an exceptionally variable environ-
ment (cf. Gibbs and Grant, 1987a, 1987b).
Boag and Grant (1984a) and Price (1985)
examined population-level effects of envi-
ronmental conditions and density on clutch-
size variation, but little attention was given
MATERIALS AND METHODS
Finch Populations. - The population of
Darwin's Medium Ground Finches (G.for-
tis) on Isla Daphne Major, Galapagos, has
been studied intensively for the first 6-9
months of each year from 1976 until 1984
by P. T. Boag (1976-1978), T. D. Price
(1979-1981), H. L. Gibbs (1982-1984), and
B. R. Grant and P. R. Grant (Boag and
Grant, 1984a; Price, 1985; Gibbs and Grant,
1987a). Daphne is a small island «40 ha)
situated in the middle of the Galapagos ar-
chipelago. A description of the geological
and floristic characteristics is given in Boag
and Grant (1984a). More than 95% of all
Gifortis individuals have been banded with
a metal band and a unique combination of
three colored plastic bands since 1978. Ap-
proximately 30% of all adults were banded
in 1976.
Breeding ofthe finches occurs in response
to rain, which can fall during the months of
December-June. The amount of annual
rainfall varies considerably (Gibbs and
Grant, 1987a). Females produced clutches
in every year from 1976 to 1984, except
1977. Clutch size (2-6 eggs) and breeding
success, however, varied considerably be-
tween years (Table 1). I have used data from
all years to estimate the heritability ofclutch
size. To evaluate selection on this trait, I
concentrate on data from six successful years
(1976,1978,1979,1981,1983, and 1984),
when more than 10% of fledged young sur-
vived to the following year, allowing me to
measure accurately the success of clutches
of different sizes.
During each breeding season, all nests
were marked, and all parents were identi-
fied. Nest contents were regularly checked
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to determine laying date, clutch size, hatch-
ing success, and fledging success. I am con-
fident that more than 95% of all nests were
found in each season from 1978 onwards,
because repeated systematic searches of all
potential nest sites, mostly Opuntia cactus
bushes, were conducted and fledglings with-
out bands were rarely seen. Occasionally,
nests were found after the young hatched;
these have been excluded from analyses of
reproductive success that required complete
nest histories. Nests with a clutch size of
one were also excluded, because they prob-
ably represent incomplete clutches. No
young fledged from clutches of this size. All
young were banded and weighed eight days
after hatching. Young birds that were alive
in January of the year following the season
of their birth were recorded and identified
during repeated and standardized visual
censuses and other observations (Boag and
Grant, 1984a; Gibbs and Grant, 1987a).
Repeatability and Heritability Analy-
ses.- The phenotypic variance in a trait (Vp)
can be partitioned into genetic (Vg) and en-
vironmental (Ve ) components. In tum, Ve
is composed of both permanent and tem-
porary environmental differences among
individuals (Falconer, 1981). Controversy
exists as to how to include temporary en-
vironmental effects on clutch size in quan-
titative analyses of this trait. For example,
Perrins and Jones (1974) analyzed clutch-
size data that had been corrected for effects
due to age, habitat quality, and environ-
mental differences between years. Van
Noordwijk et al. (1981) argued, however,
that this biased Perrins and Jones' analyses
towards detecting heritability values that
were unrealistically high and that the num-
ber of corrections performed was arbitrary.
For my estimates of repeatability and her-
itability, I followed the approach of van
Noordwijk et al. (1981) and used data from
only the first clutch laid by a female in a
given breeding season. I used two measures
ofclutch size in my analyses: normal clutch-
size values (unadjusted for temporary en-
vironmental effects) and adjusted values,
expressed as a deviation from the popula-
tion mean of first clutches of all females in
a given year. The mean clutch size of a fe-
male over two or more years was calculated
as the average of either one of these mea-
sures. An important assumption in making
these corrections is that environmental dif-
ferences between years affect the clutch size
of each individual in the same way. Use of
only the first clutch eliminates variance due
to seasonal effects. No attempt was made to
correct for other possible phenotypic differ-
ences among females.
Repeatabilities for corrected first clutch
size were estimated as the intraclass corre-
lation coefficient, based on variance com-
ponents from a one-way ANOVA (Falcon-
er, 1981; Lessels and Boag, 1987). All
females observed to lay clutches in two or
more years were used in the analyses. Her-
itabilities offirst clutch size for females were
estimated in two ways: 1) repeatability of
clutch size within families of full sibs and
2) offspring-parent regressions of offspring
on each parental value and offamily means
on parents. These analyses used clutch-size
data combined across years, because sam-
ples were insufficient to carry out the anal-
yses within most years. To check for pos-
sible paternal effects on clutch size (cf. van
Noordwijk et al., 1981), I calculated re-
peatabilities and heritabilities from a com-
parison ofthe clutch sizes of females mated
to particular males and females mated to
the sons of those males.
Phenotypic Effects. - I also examined the
effects ofage, adult size, and habitat quality
on clutch size. Age was scored as the num-
ber ofyears since birth. Size ofan individual
was estimated by six morphological traits
(weight, wing length, tarsus length, bill
length, bill depth, and bill width) and by
first principal-component (PCI) scores ex-
tracted from a correlation matrix that in-
cluded the six traits listed above. PCI is used
as an index of overall body size, since all
characters load positively on it and it ex-
plains a high proportion (approximately
65%) of the overall variation among these
traits (Boag and Grant, 1984b).
The heterogeneous distribution of vege-
tation on Daphne (Boag and Grant, 1984a)
could potentially influence the availability
of food to breeding females. Females usu-
ally spend a substantial amount oftime for-
aging off their territories, which are usually
less than 2,000 m- in area (Price, 1984a,
1987). This mobility, combined with the
small size ofthe island, suggests that habitat
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TABLE 2. Repeatabilities of unadjusted and adjusted TABLE 3. Repeatabilities of unadjusted and adjusted
first-clutch sizes between years. R is the intraclass cor- first-clutch sizes within families of offspring. R is the
relation coefficient. intraclass correlation coefficient.
Character Fratio d.f P R Character Fratio d.f P R
Unadjusted clutch size Unadjusted clutch size
Females 0.960 122,254 0.59 0.0 Females 1.150 57,144 0.25 0.04
Males 0.940 149,281 0.63 0.0 Males 0.955 36, 75 0.55 0.0
Adjusted clutch size Adjusted clutch size
Females 1.275 122,254 0.06 0.08 Females 1.260 57,144 0.14 0.07
Males 1.230 149,281 0.07 0.07 Males 1.0lO 36, 75 0.48 0.0
effects, ifpresent, are similar over large con-
tiguous areas of the island. I therefore ex-
amined the effect of large-scale (10-20 ha)
differences in habitat quality on clutch size
in five years (1979-1981 and 1983-1984)
for which vegetation samples were available
(Gibbs and Grant, 1987a).
While breeding, these finches feed them-
selves and their young almost exclusively
on arthropods, mainly caterpillars (Boagand
Grant, 1984a; Price, 1985). Therefore, hab-
itat quality was assumed to be related to
caterpillar availability during the breeding
season in different areas of the island. Cat-
erpillar abundance was estimated by com-
bining data on the percent coverage of dif-
ferent plant species in each of 20 arbitrarily
located sectors with estimates of caterpillar
numbers per square meter for each plant
species (see Gibbs and Grant [1987a, 1987b]
for details of the sampling methods used).
Sectors were then ranked by total estimated
caterpillar numbers and arbitrarily divided
into groups of food-rich (ranks 1-10) and
food-poor (ranks 11-20) sectors.
Selection on Clutch Size. - In each year,
selection differentials for clutch size were
calculated with two measures ofsuccess: the
number of young fledged and the number
offledged young surviving to January ofthe
next year. The selection differential is equal
to the covariance between a trait and rela-
tive fitness and is equivalent to the shift in
the mean value of a trait due to directional
selection within a generation (Lande and
Arnold, 1983).
Measuring selection across generations has
the potential of confounding selection with
inheritance (Arnold and Wade, 1984a,
1984b). Clutch size is a parental trait,
whereas juvenile survival is a trait of off-
spring. I assume that clutch size has a direct
causal effect on the magnitude of both the
number of young fledged and number sur-
viving to the following year and that no
parental traits exist that, through indepen-
dent effects on both clutch size and offspring
survival, lead to spurious associations be-
tween these life-history traits.
RESULTS
Repeatability and Heritability of Clutch
Size. - Repeatabilities estimate the upper
limit to the potential heritability of a trait,
since consistent differences between indi-
viduals are due to both genetic and per-
manent environmental differences between
individuals. Unadjusted clutch size was not
detectably repeatable in females or males,
while repeatabilities for first clutch size, ad-
justed for annual differences, are low and
also nonsignificant in both females (8%) and
males (7%) (Table 2). I also estimated re-
peatability of clutch size during the excep-
tionally long breeding season of 1982-1983,
when individual females laid between three
and ten clutches (Gibbs and Grant, 1987b).
After adjusting for monthly differences in
clutch size, I found the within-year repeat-
ability of clutch size among females (7%) to
be significant (P = 0.04) and similar in mag-
nitude to the between-year figure for ad-
justed clutch size.
Low repeatabilities for clutch size suggest
that heritability of this trait should be no
greater than 0.08. Sib-sib comparisons and
parent-offspring regressions confirm this
(Tables 3, 4). The repeatability offirst clutch
size is not detectably different from zero
among families ofeither female or male off-
spring for either unadjusted or adjusted
clutch sizes (Table 3). Parent-offspring
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TABLE 4. Slopes of parent-offspring regressions for unadjusted and adjusted first-clutch sizes.
Mother-daughter Father-son
Character N b ± SE N b ± SE
Unadjusted clutch size
Mean of parent versus mean of each offspring 231 -0.10 ± 0.08 162 -0.04 ± 0.12
Mean of parent versus family mean 79 -0.09 ± 0.14 81 -0.11 ± 0.14
Adjusted clutch size
Mean of parent versus mean of each offspring 231 -0.17 ± 0.07* 162 0.08 ± 0.12
Mean of parent versus family mean 79 -0.17 ± 0.12 81 -0.03 ± 0.14
• P < 0.05.
regressions give more direct estimates ofthe
heritabilities of traits, because they do not
include the effects of common environ-
ments experienced by sibs. For unadjusted
first clutches, slopes for all mother-daughter
and father-son regressions are small, non-
significant, and negative in sign (Table 4).
For adjusted clutches, slopes ofboth father-
son regressions are small and nonsignificant
while slopes ofmother-daughter regressions
are larger, negative, and, in one case, sig-
nificantly different from zero (Table 4). Cor-
recting for small age effects (see below) does
not alter these results. Negative slopes of
parent-offspring regressions suggest that the
additive genetic variance for a trait is close
to zero (cf. Leamy, 1981) and that negative
maternal effectson values ofdaughters' traits
are present (Falconer, 1960, 1965).
In two years (1983 and 1984), there were
sufficient data to estimate within-family re-
peatabilities for sisters and mother-daugh-
ter regressions for adjusted clutch sizes.
These values are similar to the overall fig-
ures: repeatability values are 0% (1983, N =
44 families) and 8% (1984, N = 10; both
P > 0.05), while slopes of the regressions
were -0.25 ± 0.12 SE (1983, N= 139) and
0.10 ± 0.10 (1984, N = 138).
Due to gene x environment interactions,
detected heritabilities and repeatabilities for
clutch size might be dependent on the hab-
itat in which parents and offspring bred. I
examined this possibility by calculating re-
peatabilities and parent-offspring regres-
sions for females and mother-daughter pairs
that bred exclusively in either good or poor
habitats in 1979, 1981, 1983, and 1984. In
no case were repeatabilities or regressions
significantly different from zero, and values
for particular analyses are similar between
habitats (Table 5).
Overall, these results indicate that there
is little or no additive genetic variance for
clutch size in this population and that most
(>90%) of the intrapopulation variation in
clutch size is due to transient environmental
effects on females. Furthermore, negative
maternal effects on clutch size may be pres-
ent.
Phenotypic Effects. - The lack ofa herita-
ble component for clutch-size variation sug-
gests that most variation is due to proximate
environmental or phenotypic factors. I
therefore examined the relationship be-
tween clutch size and three possible factors
(adult size, habitat quality, and female age).
Univariate correlations between male and
TABLE 5. Repeatability (R) mother-daughter regression analyses of adjusted clutch size in different habitats.
Data are from 1979, 1981, 1983, and 1984 only.
Analysis
Repeatabilities within females
Repeatabilities within families of female offspring
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TABLE 6. Results of two-way ANOV As within years,
testing for habitat and age effects on first clutch size
for 1979-1981, 1983, and 1984. Abbreviations for ef-
fects are H = habitat type, A = age in years, HA =
interaction, and E = error.
Year Factor SS d.! MS F p
1979 H 0.40 1 0.40 0.58 0.49
A 1.74 1 1.74 2.55 0.12
HA 0.21 1 0.21 0.30 0.59
E 28.08 41 0.68
1980 H 0.51 1 0.51 0.92 0.33
A 2.03 1 2.03 3.75 0.06
HA 0.03 1 0.03 0.05 0.82
E 27.57 51 0.54
1981 H 0.47 1 0.47 0.65 0.42
A 0.37 1 0.37 0.52 0.48
HA 0.01 1 0.01 0.01 0.92
E 37.11 51 0.73
1983 H 0.15 1 0.15 0.24 0.62
A 2.04 2 1.02 1.66 0.20
HA 1.69 2 0.85 1.38 0.26
E 27.62 45 0.61
1984 H 0.06 1 0.06 0.13 0.72
A 5.17 2 2.59 5.29 0.01
HA 0.25 2 0.13 0.26 0.77
E 62.51 128 0.49
female morphological traits (weight, wing
length, tarsus length, bill length, bill depth,
and bill width) and adjusted first-clutch size,
averaged over all breeding seasons, were
small and nonsignificant (females: range of
r values = -0.02-0.10, N = 149-177, all
P> 0.05; males: r = -0.03--0.11, N =
167-210; all P > 0.05). There was also no
significant correlation between mean clutch
size and PCI scores (females: r = 0.03, N =
149; P > 0.05; males: r = -0.02; N = 167;
P > 0.05) or evidence of stabilizing selec-
tion, since the quadratic terms ([PCIF) in
polynomial regressions of PCI on mean
clutch size were not significant for females
(P = 0.95) or males (P = 0.75). Analyses
within breeding seasons show a similar pat-
tern: in females, only four of56 correlations
of clutch size with morphology were signif-
icant, each involving a different character;
while in males, only one of 56 comparisons
was significant. Overall, variation in adult
body size does not appear to be related to
variation in clutch size (see also Price
[1984b]).
I used a two-way analysis of variance to
assess the effects of female age and habitat
type on unadjusted clutch size in different
2 345 6
A~ (Years)
FIG. 1. Relationship between female age and first
clutch size, adjusted for annual differences. The equa-
tion for the best-fit regression line is: Y = 0.09X -
0.16, dj = 533, P < 0.001, R2 = 0.06.
breeding seasons. In no year was there a
significant effect of habitat type on clutch
size, but age effects were present in 1980
(P = 0.06) and 1984 (P = 0.01) (Table 6).
No interaction between main effects (ageand
habitat) was observed in any year.
As suggested above, female age was pos-
itively correlated (P < 0.05) with adjusted
clutch size for females six months to six
years old (Fig. 1). The slope of the best-fit
regression line (0.09) is low, however, in-
dicating that the per year increase in clutch
size is quite small. Data for older females
(7-1O years old) were excluded from the
analysis, because sample sizes were much
smaller (N -s 20 per age class) relative to
the younger cohorts. The mean clutch size
for all older birds combined (0.15 ± 0.14
SE, N = 49) suggests that there is an asymp-
totic relationship between clutch size and
age. Including the older birds in the regres-
sion reduces the slope to 0.07. There is no
evidence for a decline in clutch size with age
since the second-order term ([clutch size]")
is not significant in polynomial regression
analyses for younger birds only (0.5-6 years)
or for all females combined.
The mechanism for the small age-related
increase in clutch size is unknown. Clutch
size is not related to the duration ofthe pair-
bond between two breeding seasons (cf.

















































FIG. 2. Relationship between clutch size and both fledging success and survival of young for all years in
which successful breeding occurred. Solid circles are mean values for fledging success ± I SE; open circles are
mean values for young surviving to the following year ± I SE. Standard errors were only calculated for cases in
which N > 8. Sample sizes are given above each mean value.
between the mean clutch size offemales with
the same mate from the previous breeding
season and that of females with a different
mate when data are pooled for the 1979 to
1984 breeding seasons. Females with the
same mate had a mean clutch size (ex-
pressed as a deviation from the annual mean)
of -0.13 ± 1.20 SD (N = 114), while the
mean for females with different mates was
0.08 ± 1.04 (N = 177; t = 1.45, P = 0.15).
Selection on Clutch Size. - Figure 2 shows
the relationships between clutch size and
both fledging success and young surviving
for the six years in which successful breed-
ing occurred. All clutches laid by females in
a given year are included, except for 1983,
when clutches laid by females born earlier
in the year were excluded because they bred
at an unusually early age and experienced
strong age-dependent effects on their breed-
ing success (Gibbs et al., 1984). In most
years, there is a positive relationship be-
tween clutch size and both measures of re-
productive success, although standard errors
of sequential clutch sizes overlap in some
cases. Differences in fledging success are
more pronounced than differences in young
surviving. In some instances, however, the
positive relationship between clutch size and
success levels off at higher clutch sizes
(fledging success in 1978; fledging success
and young surviving in 1983). There was
also little difference in the number ofyoung
surviving between clutch sizes in 1984. The
success ofclutches ofdifferent sizes for data
combined over all six years shows a leveling
off ofsuccess at the highest clutch sizes (Fig.
3); this result is dominated by the large
number of nests from a single year (1983;
38% of the total).
Selection differentials, which provide a
quantitative measure of the directional se-
lection on clutch size, are all positive and,
in most cases (10 out of 12), statistically
significant (Table 7). To check for possible
stabilizing selection on clutch size, I tested
for the significance of a quadratic term
([clutch sizej-) in polynomial regressions of
clutch size on both measures of success (cf.
Nur, 1984a). In no case was this second-
order term significant (P = 0.09-0.88). Se-
lection differentials were also similar for first
CLUTCH SIZE IN DARWIN'S FINCHES 757
0 .............---..--.......- ........--..,--
Year N S[ftedged young] S[surviving young)
1976 190 0.17* 0.26*
1978 80 0.07 0.12*
1979 89 0.37** 0.60**
1981 102 0.15** 0.20**
1983 406 0.33** 0.32**
1984 192 0.13* 0.06
Combined 1,059 0.25** 0.38**
• p '" 0.05; •• P '" 0.01.
four of seven years (1976,1981, 1983, and
1984). The number ofyoung fledged per egg
was negatively correlated with first egg date
in two years (1983 and 1984), and young
per egg surviving to January was negatively
correlated with first eggdate in all four years.
I attempted to remove the effect of season
on reproductive success by recalculating the
selection differentials on clutch size, using
the residuals of two separate regressions: a)
the number of young fledged (1983 and
1984) and b) the number ofyoung surviving
to January (1976, 1981, 1983, and 1984),
on first egg date for each nest in each re-
spective year. In all cases, the selection dif-
ferentials remained positive, and there was
no change in the significance of individual
values. Thus, seasonal effects alone do not
account for the consistently strong direc-
tional selection on clutch size in this pop-
ulation.
Chick Weights. --Previous work with
other birds has shown that chicks fledging
from large clutches are lighter; hence, they
survive less well during the first 3-6 months
oflife than those from smaller clutches (Per-
rins, 1979). With regard to G. fortis, in four
of five breeding seasons in which sample
sizes were adequate (N) 10 nests) individ-
ual chick weights were not significantly dif-
ferent among clutches of varying size
(ANOVA, P > 0.05; Table 8). In 1984, chick
weight declined with increasing clutch size
(P < 0.001). Similar patterns are found in
different habitats within years. In addition,
chick weight was not correlated with fledg-
ling survival to January ofthe following year
in most years. Price and Grant (1984 table
5) found no difference between the weights
of chicks that survived and those of chicks
TABLE 7. Selection differentials for Geospiza fortis
clutch size in all years in which more than 10% of
fledged young survived to the following year. S is the
selection differential, and N is the number of clutches.
6532 4
Clutch Size
FIG. 3. Relationship between clutch size and both
fledging success and survival of young for all six suc-
cessful years combined. Details of figure contents are
the same as for Figure 2.
clutches only and for nests in different hab-
itats (all first clutches: S[fledged young] = 0.54,
S[Surviving young] = 0.38, N = 472, both P :5
0.0 1; good habitat: S[fledged young] = 0.24,
S[SurvivingYOung] = 0.30, N = 366; poor habitat:
S[fledged young) = 0.30, S[surviving young] = 0.29,
N = 364, all P :5 0.05). Finally, clutches
fledging one or more young or with one or
more young surviving were significantly
larger (P :5 0.05) than clutches with no young
fledging or surviving, except for the com-
parisons involving fledged young in 1978
and surviving young in 1984. Thus, in gen-
eral, larger clutches produce more surviving
offspring, although in some years there is
no difference in the number of young pro-
duced. Smaller clutches were never more
successful than larger ones (cf. van Noord-
wijk et al., 1981), and there was no evidence
of stabilizing selection.
Seasonal variation in reproductive suc-
cess could confound the results of the se-
lection analyses. For example, fledging suc-
cess has been found to decline with laying
date in several species (Perrins, 1979; Boyce
and Perrins, 1987), and so large clutches
could be more successful simply because
they were laid earlier in a season. I exam-
ined this possibility and found significant
negative correlations between clutch size and
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TABLE 8. Mean chick weight (g ± SD) in relation to clutch size in different years. The numbers of nests for
given clutch size are given in parentheses. P values given are from one-way ANOV As.
Clutch size
Year 2 4 6 p
1976 12.9 ± 2.9 12.9 ± 2.2 12.4 ± 2.1 13.4 ± 0.75 0.72
(16) (76) (45) (4)
1978 12.9 ± 1.3 13.0 ± 1.8 13.0 ± 1.3 14.0 ± 0.87 0.85
(6) (35) (20) (2)
1981 12.1 ± 2.3 11.6 ± 2.6 12.3 ± 2.5 0.62
(15) (52) (8)
1983 12.3 ± 2.5 13.3 ± 3.1 14.2 ± 2.2 13.9 ± 2.2 13.5 ± 2.4 0.36
(2) (15) (129) (95) (8)
1984 14.2 ± 2.0 13.7 ± 1.5 12.6 ± 1.8 14.0 ± 2.5 0.002
(18) (82) (43) (4)
that disappeared in four breeding seasons
(1976,1978, 1979, and 1981). Additionally,
no difference was present between survivors
and nonsurvivors in 1983 (weights ofchicks
that survived: mean = 13.9 g, SD = 5.8 g,
N = 361; weights ofchicks that died: mean =
14.1 g; SD = 7.3 g, N= 439; Mann-Whitney
U test, P = 0.10) while heavier offspring
survived better in 1984 (weights of chicks
that survived: mean = 14.1 g, SD = 4.7 g,
N = 181; weights of chicks that died:
mean = 13.4 g, SD = 6.7 g, N= 236; Mann-
Whitney Utest,P < 0.05). Thus, the general
mechanism leading to selection against large
clutch size in other birds appears to be lack-
ing in G. fortis.
DISCUSSION
The most significant result of this study
is that, given sample sizes comparable with
those in other studies, there is no evidence
for heritable variation in clutch size in G.
fortis. My results stand in marked contrast
to studies of other birds, which have shown
significant additive genetic variation for this
trait (for review, see Hailman [1986], and
Murphy and Haukioja [1986]). This implies
that the pattern of selection on life-history
variation in these finches is different from
other birds and that proximate determi-
nants of clutch size may be unusually im-
portant in this species.
The observed pattern ofselection on clutch
size suggests why heritability is lacking: sus-
tained directional selection has reduced the
additive genetic variance for this trait to low
levels, possibly zero. These results may pro-
vide a predicted but rarely observed natural
example of an important corollary of Fish-
er's Fundamental Theorem, namely that
characters closely related to fitness should
have heritabilites near zero (Robertson,
1955; Istock, 1978; Falconer, 1981; Gus-
tafsson, 1986).
I emphasize that these conclusions are
tentative, because directional selection was
not observed in one year (1984), and in
another year (1983) there was little differ-
ence in fitness between the two largest clutch
sizes. However, I suggest that, because a
consistent pattern ofselection for large clutch
size was observed under a wide range of
breeding conditions, the currently observed
small differences in success between clutch
sizes have been evolutionarily significant
over longer periods of time in the past.
Both direct and indirect evidence from
other studies confirms that strong direc-
tional selection can reduce variation in life-
history traits. For example, Istock et al.
(1976) reported that artificial selection for
fast development in pitcher plant mosqui-
tos (Wyeomyia smithii) reduced the herita-
bility of this trait from 0.33 to effectively
zero in 15 generations or less. Nordskog
(1977) argued that sustained directional se-
lection in the past is responsible for the lack
ofincrease in egg production in present-day
breeds of domestic chickens. A similar pro-
cess may have led to low heritability oflitter
size in some domestic breeds of mice and
pigs (Falconer; 1981).
Alternatively, Bull (1987) has argued that
the genetic and environmental components
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of phenotypic variation in a quantitative
trait may evolve independently ofeach oth-
er. Thus, G. fortis may show no evidence
for heritable variation in clutch size be-
cause, while absolute levels ofadditive vari-
ation are similar to those in other species,
the environmental component, for un-
known reasons, is much larger and swamps
out the contribution of Vg to Vp • If this were
the case, however, then overall phenotypic
variation in clutch size in G. fortis should
be considerably larger than that in species
showing heritable variation in this trait. This
does appear to be true: the coefficient of
variation for mean annual clutch size in G.
fortis ranges from 17% to 25% (Table 1),
which is similar to values for Great Tits
(24%; calculated from data in Boyce and
Perrins [1987]) and many other birds (Hog-
stedt, 1980).
The negative relationship between the
clutch size of mothers and their daughters
suggests a negative maternal effect on the
clutch size of offspring in these birds. This
phenomenon occurs in lab mice (Falconer,
1960, 1965; Eisen, 1970) and operates
through a negative effect of mother's litter
size on the adult weight of a daughter, fol-
lowed by a positive effect of daughter's
weight on her litter size. This particular
mechanism probably does not apply to these
birds, because there is no relationship be-
tween adult body size and clutch size (Price,
1984b; this study), and there is a strong pos-
itive relationship between the body size of
offspring and their parents (Boag, 1983). For
example, body weight has a heritability of
between 0.81 and 0.91, depending on the
type of parent-offspring regression per-
formed (Boag, 1983). At present, it is not
clear what other mechanism could be re-
sponsible for the observed maternal effects
in these birds.
Several factors may confound estimates
of heritabilities based on data from non-
experimental field studies (van Noordwijk
et aL, 1981; Hailman, 1986). Most, how-
ever, act to inflate the amount of the total
phenotypic variation that is mistakenly at-
tributed to additive genetic effects. For ex-
ample, estimated heritabilites could be in-
flated by nonadditive genetic factors such
as maternal effects, assortative mating, and
gene x environment correlations. This study
has a different problem: low heritabilites are
only detectable with very large sample sizes.
In addition, negative maternal effects can
mask the presence of small amounts of ad-
ditive genetic variation. For example, Fal-
coner (1965) estimated the heritability of
litter size in mice to be -0.56 and argued
that the negative value was due to maternal
effects. Eisen (1970), after accounting for
maternal effects by manipulating litter sizes,
calculated the heritability of the same trait
to be 0.14. Clearly, I cannot exclude the
possibility that there are low, undetected
levels ofadditive genetic variation for clutch
size present in this population. However,
the low repeatability ofclutch size estimated
from within-individual and family analyses
suggests that such levels are still substan-
tially lower than those observed in other
birds.
The lack of heritable variation in clutch
size suggests that long-term trade-offs be-
tween survival and fecundity may be un-
important in Darwin's Medium Ground
Finches, possibly because the evolutionary
processes that determine variation in each
life-history trait are largely independent. As
Price (1984b) and Price and Grant (1984)
have emphasized, morphological traits,
which determine most of the nonrandom
variation in individual survival in these
birds, are largely uncorrelated with mea-
sures of fecundity. Thus, because the traits
responsible for variation in one life-history
trait (survival) do not influence variation in
another (fecundity), negative correlations
between the traits have not evolved.
There is more direct evidence that a cost
to reproduction, required by a trade-off
model, may be unimportant in these birds,
at least within the range of clutch sizes cur-
rently observed. Gibbs and Grant (l987a,
1987b) showed that variations in different
measures of reproductive output within a
season are not correlated with the proba-
bility of surviving to the following year.
Lifetime survival also does not appear to
be related to variation in mean clutch size
among the cohort of females born in 1978
(see Gibbs and Grant, 1987b). The corre-
lation between mean first clutch size and
number of years alive was small and non-
significant (r = -0.07, N = 49 females, P >
0.05). It is important to emphasize that sur-
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vival costs may be present but difficult to
detect using purely phenotypic measures of
reproductive effort (Reznick, 1985). Results
based on correlations must be confirmed
with experiments in which reproductive
output is manipulated and subsequent ef-
fects on individual survival are recorded.
Reproductive costs may, nonetheless, set
the upper limit to clutch size in this popu-
lation. The maximum observed clutch sizes
(5-6) may represent a threshold, in that
clutches of seven or greater enta.il dispro-
portionately high survival costs, and fe-
males avoid this fixed cost by never ex-
ceeding the threshold. Thus the low genetic
component to clutch size may result from
long-term selection acting to fix genetic
variation for clutch size at this threshold
value. I suggest, therefore, that current vari-
ation in clutch size is caused by individual
and environmental constraints (see below),
which, in all except the most favorable con-
ditions, prevent females from laying the
maximum clutch sizes possible.
The difference in heritability ofclutch size
between G. fortis and other birds could also
be related to differences in the patterns of
selection on clutch size. Stabilizing selection
on a quantitative trait like clutch size, com-
bined with input from mutation, could act
to preserve genetic variation in such a trait
(Lande, 1976; Grant and Price, 1981). Se-
lection against large clutches in some birds
occurs because of a negative relationship
between clutch size and chick weight (Lack,
1966). This causes reduced per capita re-
cruitment from large clutches, because chick
weight has a positive effect on juvenile sur-
vival (Perrins, 1979). The lack ofstabilizing
selection on clutch size in G. fortis may oc-
cur because there is no consistent relation-
ship between chick weight and clutch size
or between chick weight and subsequent
survival. Chick weight and clutch size are
independent in finches because, while chick
weight is heritable (Price and Grant, 1985),
there is no association between adult size
and clutch size. Genetic variation in chick
size may therefore mask any proximate ef-
fects ofclutch size on chick weight. Reduced
recruitment per eggfrom large clutches may,
in fact, be uncommon in birds, since a large
number of studies have shown no relation-
ship between clutch size and chick weight
(Haukioja, 1970; Hussel, 1972; Murphy,
1978; Hogstedt, 1980; Loman, 1980; Slags-
vold, 1982) or no effect of chick weight on
subsequent survival (Ross and McLaren,
1980). Thus, sustained directional selection
on clutch size in birds may commonly oc-
cur, resulting in more species showing low
heritabilities for clutch size than has been
previously suspected.
Clutch-size variation in most birds is
probably influenced to varying degrees by
several broadly different ecological and evo-
lutionary mechanisms (Nur, 1986). The
present study excludes mechanisms requir-
ing heritable variation as significant causes
of clutch-size variation in G. fortis. Rather,
it suggests that the reproductive response of
individual females to unidentified proxi-
mate environmental and physiological fac-
tors is of greater importance and that these
factor(s), which determine over 90% ofvari-
ation in clutch size of individual females,
vary from season to season. Possible factors
include female condition as determined by
nonbreeding season conditions (Jones and
Ward, 1976), amount of male courtship
feeding (Royama, 1966), annual variation
in territory quality, variation in nest size
(Slagsvold, 1982), and parasite loads (Brown
and Brown, 1986). I have no information
on the relative importance of these factors,
although the positive relationship between
caterpillar abundance and overall mean
clutch size within and between years (Price,
1985; Gibbs and Grant, 1987b) suggests that
food availability to a female during the pe-
riod preceding laying might be crucial. The
unpredictability of rainfall and, hence,
breeding resources following the initial de-
cision to breed (Boag and Grant, 1984a;
Price, 1985) may also result in a large en-
vironmental component to clutch size. Fur-
ther work on variation in clutch size in these
birds should concentrate on assessing the
relative importance of these factors.
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